We have investigated the pulsational characteristics of the λ Bootis type star BD Phe. Detailed asteroseismological investigations have so far only been carried out for four members of this group of stars, with the number of identified frequencies in these stars ranging from four to seven. We present 30 h of UBVRI time-series photometry, together with 14 h of high-dispersion high signal-to-noise ratio spectroscopy of BD Phe. At least seven frequencies were detected. Since these are all present in independent sets of observations, we argue that the frequencies are fairly well determined despite our limited data. We present a very tentative discussion of the possible pulsation modes. Our results may be useful in the context of recently published δ Scuti pulsation models, which take into account the effects of diffusion.
I N T RO D U C T I O N
The λ Bootis stars are a small group of late B to early F type, Population I objects with apparently solar abundances of the light elements (C, N, O and S) and moderate to strong underabundances of Fe-peak elements. Only a maximum of about 2 per cent of all objects in the relevant spectral domain are believed to be λ Bootis type stars (Paunzen 2001; Gray & Corbally 2002) . Abt (1984) first reported an apparent metal weakness for BD Phe, classifying it as A1 Vp (Mg weak). This characteristic was confirmed using the Geneva (Hauck 1986 ) and a (Maitzen & Pavlovski 1989 ) photometric systems. The true λ Bootis nature of the star was established by Gray (1988) with the classification of A1 Va (λ Boo). Gray also remarked on the unusual hydrogen line profiles with broad and rather shallow wings but peculiarly weak cores resembling those typically seen in F0 stars; this has been seen in many λ Bootis stars but is still not explained (Gray & Corbally 1999) . [However, Faraggiana & Bonifacio (1999) interpret these peculiar profiles as an indication of undetected spectroscopic binary systems in which two solar-abundance stars with different stellar parameters mimic one apparent metal-weak object.] Later Abt & Morrell (1995) confirmed the λ Boo group membership of BD Phe using spectral classification resolution optical E-mail: ernst.paunzen@univie.ac.at spectroscopy. BD Phe has also been studied in the ultraviolet (UV) using low-resolution IUE spectra (Solano & Paunzen 1998 ) -its appearance in this part of the spectrum is typical of the λ Bootis class.
Although no infrared (IR) excess was found by King (1994) , signs of circumstellar gas around BD Phe were detected by Holweger, Hempel & Kamp (1999) . They interpreted a weak narrow structure with an equivalent width of 18 mÅ in the core of the Ca K line as due to circumstellar gas. However, an alternative origin for the structure in the line could be high-degree non-radial pulsation in the star -see the work of Bohlender, Gonzalez & Matthews (1999) on a number of other λ Bootis stars.
Several theories have been developed in order to explain the peculiar abundance pattern, and other properties, of members of the λ Bootis group of stars. The most widely accepted models ascribe the observed abundance patterns to diffusion, coupled with either mass loss (Michaud & Charland 1986; Charbonneau 1993) or accretion of circumstellar material (Venn & Lambert 1990; Turcotte & Charbonneau 1993) . Other theories deal with the influence of binarity on the λ Bootis phenomenon (Andrievsky 1997; Faraggiana & Bonifacio 1999) .
The pulsation behaviour for individual members as well as for the group as a whole was extensively investigated by Paunzen et al. (1998 Paunzen et al. ( , 2002 , who described 33 pulsating λ Bootis stars. All periods lie in the range from 30 min to 4 h. The ratio of variable to nonvariable λ Bootis stars inside the classical instability strip is at least C 2003 RAS 70 per cent, which is significantly more than the value found for classical δ Scuti type stars . Bohlender et al. (1999) published results of a high-resolution and high signal-to-noise ratio spectroscopic survey of λ Bootis stars, designed to study the incidence of high-degree non-radial pulsation. The spectrum variability they detected is very similar to that seen in rapidly rotating δ Scuti stars (Kenelly, Walker & Merryfield 1992) . There is excellent agreement between the photometric survey and the survey for non-radial pulsation by Bohlender et al. (1999) , in the sense that only photometrically variable objects exhibit spectrum variability.
Very recently, Turcotte et al. (2000) modelled the effects of diffusion (probably the main ingredient in producing the λ Bootis abundance phenomenon) on pulsations of stars on the upper main sequence. Although they primarily investigated the theoretical behaviour of stars with apparent overabundances, their conclusions also have a bearing on the λ Bootis stars. Their results show little direct pulsational excitation from Fe-peak elements: instead, driving is mainly due to settling of helium (supplemented by a marginal effect due to the enhancement of the hydrogen abundance) at a strategic location in the star. They find that, as the stars evolve, they become pulsationally unstable near the red edge of the instability strip. The location of the blue edge is sensitive to the exact abundance. Although the proposed models are not entirely realistic (e.g. in the simplified treatment of convection), it appears that the important aspects of the pulsational behaviour of chemically peculiar stars have been captured.
We present more than 30 h of photometric as well as 14 h of spectroscopic observations for the well-established λ Bootis type object BD Phe (HD 11413). The analysis of our UBVRI and also of Hipparcos photometry, together with a study of radial velocity variations, give seven frequencies in the range from 17.06 to 28.93 d −1 . Since this star is rather evolved (age about 790 Myr), a rich and dense frequency spectrum is to be expected. These findings together with a detailed knowledge of individual abundances (for C, O, Mg, Si, Ca, Sc, Sc, Ti, Cr, Fe, Sr and Ba) may help to test new pulsation models which take diffusion into account.
O B S E RVAT I O N S A N D R E D U C T I O N
All the brightness measurements of BD Phe were made with the Modular photoelectric photometer that is a permanent fixture on the 0.5-m telescope of the South African Astronomical Observatory (SAAO). Observations were obtained in UBVRI, the latter two filters having Cousins bandpasses. The stars HD 11965 (B8/9V, V = 6.37 mag) and HD 10553 (A3V, V = 6.63 mag) were used as local standards. Measurements were made in the sequence HD 10553, BD Phe, BD Phe, HD 11965, BD Phe, BD Phe, and so on. Since both BD Phe and HD 11965 would over-illuminate the Modular photometer, all three stars were observed through a light neutral density filter (0.95 mag).
Amplitude spectra of the Hipparcos epoch photometry of the two comparison stars were calculated; neither showed evidence for variability. The limit for HD 11965 was particularly stringent: over the interval [0, 40] d −1 the maximum amplitude is 3 mmag, at a frequency of 0.53 d −1 . The noise level for HD 10553 is a little higher (maximum amplitude 6 mmag, at 31.01 d −1 ), but it has been in use as a photometric standard at SAAO for some decades (e.g. Cousins & Stoy 1962; Menzies et al. 1989) , and no variability has been reported. As a further check magnitudes of HD 11965 were calculated differentially with respect to HD 10553 and the results Fourier analysed. The maximum periodogram amplitudes were 2.1 mmag Spectroscopic observations were made with the Giraffe spectrograph, which is fibre-fed by the SAAO 1.9-m telescope. The instrumental configuration used was the same as that described in Koen et al. (2002) ; the spectrograph is capable of a dispersion of R ∼ 39 000. The wavelength range covered was 4100-5100Å, spread over 27 orders. Exposure times were adjusted according to weather conditions, and ranged from 240 to 500 s, giving a typical signalto-noise ratio of 100. A log of the observations is listed in Table 1 .
The spectroscopy was reduced using standard IRAF routines. The radial velocities (Fig. 2) were determined using the procedure FXCOR, which performs a Fourier cross-correlation with a template spectrum. For this template spectrum and a detailed abundance analysis, we have averaged all spectra to avoid any artificial features from the radial velocity variations. We note in passing that no line profile changes were detected: this is not surprising, given that the expected changes are small, and v sin i large. spectrum of the spectral time series together with the residuals of each spectrum from the mean as a function of time. As pointed out by the referee, it is also possible that line profile variations may become visible with better spectroscopic resolution.
F R E Q U E N C Y A NA LY S I S
A glance at the light curve ( Fig. 1) shows very clearly that the pulsation of BD Phe is multiperiodic. It is well known that inter- mittent observations such as ours do not allow the unambiguous determination of all the frequency content of the time series of measurements. It is none the less possible to gain considerable insight into the distribution of frequencies and their associated amplitudes by performing a formal analysis. Furthermore, we show below that confidence in the derived frequency solutions may be considerably enhanced by reference to the frequency content of independent sets of observations. A variety of frequency analysis methods was applied to the data. These included: simultaneous fitting of sinusoids to all colours (similar to the method of You, Pelt & Tuominen 2000) ; comparison of the results of successive pre-whitening applied to all colours separately (see Koen et al. 2002) ; and comparison of the CLEANed spectra (Roberts, Lehar & Dreher 1987) of the various colours. The results of the last method were the easiest to interpret, and only those are presented here.
The amplitude spectra of all five colours (Fig. 4) epoch photometry, and the pulsation discovery results of Waelkens & Rufener (1983) . We discuss these in turn. CLEANed spectra of the radial velocities and the B-band observations are compared in Fig. 6 −1 visible in the photometry, but this is not the case (see below); in fact, this feature is the strongest in an ordinary amplitude spectrum of the radial velocity data.
There are two remaining prominent peaks in the spectrum of the radial velocities, at 26.35 and 27.04 d −1 , which do not bear any obvious relation to features in the spectra of the photometry.
BD Phe is relatively bright, and was therefore a Hipparcos target. There are 126 photometric observations that are flagged as acceptable in the Hipparcos catalogue (ESA 1997), one of which we discarded as it is a marginal outlier. An amplitude spectrum of the data can be seen in the top panel of Fig. 7 ; the other two panels show the spectra of the residuals after pre-whitening by the 'best' frequencies from preceding panels.
The first two optimal frequencies ( f 1 = 25.21 d our observations, but we choose not to pursue frequency extraction beyond f 2 . In view of the results above, we attempted a non-linear leastsquares fit of seven frequencies to the B-band data, for which the amplitudes are expected to be largest. The starting guesses for the frequencies were 25.21, 28.93, 17.06, 17.45, 24.55, 24 .10 and 26.82 d −1 . We stress not only that these frequencies are seen in each of the photometric passbands, but also that each frequency (or its alias) is also present in at least one other independent data set. Once the best-fitting frequencies were determined for the B filter data, these were kept fixed, and amplitudes and phases for the other wavebands determined by linear least squares.
Better results (in terms of less prominent residual frequency content) were obtained by using the 27.81 d −1 alias of 26.82 d −1 . Spectra of the residuals for each waveband were examined. Although certain frequencies appeared in more than one set of residuals, we have no independent confirmation of the reality of these, and therefore do not discuss them further. Details of the final seven frequency solutions are given in Table 3 . Turning to the radial velocities, we started by fitting the five frequencies 17.05, 17.46, 24.10, 24.49 and 25.21 d −1 from Table 3 to the observations. These correspond to five of the six highest peaks (or their 1 d −1 aliases) in Fig. 6 . Frequencies were then systematically removed, starting with the lowest-amplitude term. After removing a term, the remaining frequencies were fitted to the data, and the residuals checked for any sign of the removed frequency. In this way we find the three-frequency fit given in Table 4 . It is noteworthy that the dominant photometric mode at 25.2 d −1 is absent from the table.
We cannot, of course, claim to have selected the correct aliases in all cases, or even that all the low-amplitude elements of our frequency solution are real. However, we feel that the unusual amount of replication [our five-colour photometry, the Hipparcos epoch photometry, the radial velocities and the Waelkens & Rufener (1983) results], together with the very high accuracy of the photometry, give us confidence that our solution is realistic. We point to the correct identification of f = 28.97 d −1 in Fig. 5 , as confirmed by its presence (at much higher amplitude, and essentially without aliasing) in the Hipparcos photometry.
BA S I C S T E L L A R PA R A M E T E R S A N D A B U N DA N C E S
The Hipparcos parallax for BD Phe is 13.4 (6) mas (d = 75 (4) (1) 6 (1) lute magnitude derived from the calibration by Moon & Dworetsky (1985) results in M V = 1.4 (3) mag, in excellent agreement with the trigonometric parallax result. We adopt the mean value of M V = 1.5 (1) mag. With the absolute bolometric magnitude of the sun M Bol = 4.75 mag (Cayrel de Strobel 1996) and the bolometric correction (0.01 mag) taken from Balona (1984) , a luminosity of log L * /L = 1.32(3) follows. Photometric data were taken from the General Catalogue of Photometric Data (GCPD) 1 and our own photometry. Additional data from the Hipparcos and Tycho data bases were used. If available, averaged and weighted mean values were used. The following calibrations for the individual photometric systems were used to derive effective temperatures and surface gravities:
(ii) Strömgren uvbyβ - Moon & Dworetsky (1985) and Napiwotzki et al. (1993) ; (iii) Geneva seven-colour - Kobi & North (1990) and Künzli et al. (1997) .
The calibrations for the Johnson UBV and Geneva seven-colour system need an a priori knowledge of the reddening, which is not easy to estimate. The reddening was estimated by using both the Strömgren uvbyβ system, and the method presented in Chen et al. (1998) . They compared the results from Arenou, Grenon & Gómez (1992) and those derived from the Hipparcos measurements and found an overestimation of previously published results for distances less than 500 pc. They consequently proposed a new model for galactic latitudes of ±10
• , but otherwise find excellent agreement with the model by Sandage (1972) . The approaches agree very well, resulting in a reddening of E(b − y) = 0.001 mag. The averaged values for the effective temperature and surface gravity are T eff = 7925 (124) K and log g = 3.91 (8), respectively.
As the next step, we have used the post-main-sequence evolutionary tracks and isochrones from Claret (1995) to estimate the mass and age of BD Phe. The evolutionary models were calculated with solar abundances, but this is acceptable because the non-solarabundance pattern of the λ Bootis group is restricted to the stellar surface. Since the main sequence lifetime of a star depends on its mass, we have transformed the estimated age into a relative one (t rel ): the relative age is zero for an object that has just arrived on the zero-age main sequence, and unity for stars at the terminal-age main sequence. We have taken into account the error on the estimated mass as well as the error box of the calibrated ages. We find M = 2.02 (4) M and t rel = 0.83 (3).
Abundance analyses were published by Stürenburg (1993) , Holweger & Rentzsch-Holm (1995) and Paunzen et al. (1999) . The first two studies used atmospheric flux models with (T eff = 7950 K, log g = 3.83) and rotational velocities of 122 and 125 km s −1 respectively. The third study used the parameter values (T eff = 7900, log g = 3.80, v sin i = 122 km s −1 ). These values are well within the uncertainties of the present determination. For the current analysis we use parameters (T eff = 7900 K, log g = 3.80) together with the model atmospheres of Kurucz (1991) and oscillator strengths for the lines of interest from the VALD data base (Kupka et al. 1999) . A microturbulence velocity V t = 3.0 km s −1 was adopted, as in the papers by Stürenburg (1993) , Holweger & Rentzsch-Holm (1995) and Paunzen et al. (1999) . It was further checked using Fe I lines, resulting in a consistent value of V t = 2.9 (3) km s −1 . The local thermodynamic equilibrium (LTE) spectrum synthesis method (synspec; Hubeny, Lanz & Jeffery 1994) was used to determine detailed element abundances. The projected rotational velocity was determined by matching observed and calculated profiles of the least blended metallic lines (mainly Mg II and Fe II), resulting in a value of v sin i = 120 km s −1 . Our results are in good agreement with those in the literature. In particular, we note that only Stürenburg (1993) had previously published abundances of Fe-peak elements: we confirm his results, using a different part of the stellar spectrum, and a different analysis. Mean abundances, based on our analysis and previously published values, were calculated (Table 5 ). The abundances of BD Phe matches the typical pattern of the λ Bootis stars, with C and O being almost solar and the heavier elements showing moderate to strong Table 5 . Basic stellar parameters and abundances for BD Phe; t rel is the relative age, ranging from zero for an object just arriving at the ZAMS, to unity for stars at the TAMS; log t 1 and log t 2 are the minimum and maximum ages derived from the error boxes. The element abundances are given with respect to the Sun as: [X ] = log X − log X . 7925 (124) 3.91 (8) 120 (5) underabundances -see Heiter (2002) . All vital statistics for BD Phe are summarized in Table 5 .
M O D E D I S C R I M I NAT I O N BA S E D O N P H OTO M E T RY
As a first step we have calculated the pulsation constants given by log Q = −6.456 + 0.5 log g + 0.1M B + log T eff − log f,
with the values taken from Table 1 . The theoretical Q values range from 0.038 to 0.033 for the fundamental radial modes and decrease to about 0.012 for the fifth overtone (Stellingwerf 1979; Fitch 1981) . The frequencies in BD Phe give Q values from 0.019 to 0.011 d, which corresponds to second through fifth overtone modes. Watson (1988) gave a classical description of a method which could, in principle, be useful for discriminating between different pulsation modes. For any given periodicity, the amplitudes and phases as seen in different colours are noted. These are then compared with theoretical predictions of the relative amplitudes (and relative phases) expected in the different colours. The comparison is carried out over a range of theoretical pulsation models, and the one for which the agreement with the observations is best, is accepted. As formulated by Watson (1988) , it is assumed that the physical nature of the star (gravity, temperature and luminosity) is known. There are then only three free parameters in the theory/observation comparisons: the spherical harmonic degree associated with the given pulsation mode, and two parameters (traditionally denoted by R and ) which respectively describe the deviation of the temperature fluctuation amplitude and phase from their adiabatic values. Physics dictates that 0 R 1, and for δ Scuti stars is expected to lie roughly in the range 1.6-2.4 radians. The interested reader is referred to Watson (1988) for details.
We follow exactly the same procedure as Koen et al. (2001) in order to compare the observations in Table 3 with theory. The agreement between observations and predictions is measured by a weighted sum of squares (WSS), with the weighting determined by the formal error estimates given in Table 3 . The results are presented in Table 6 .
The difference between non-optimal values of WSS and its minimum WSS min is distributed approximately as χ 2 with three degrees of freedom. This provides an easy way to test the uniqueness of any solution. As an example, alternative models can only be rejected at the 5 per cent level if WSS-WSS min > 7.82. A glance at Table 6 shows that cannot be unambiguously determined for any of the seven pulsation frequencies, at least not at the 5 per cent (or even 10 per cent) level. The most noteworthy statement that can be made is that radial pulsation appears to be unlikely for the two largest-amplitude ( f = 25.21 and 24.10) variations.
We remark in passing on the actual numerical values of the statistic WSS. From theoretical considerations WSS should be distributed approximately as χ 2 with six degrees of freedom. Table 3 shows 10 quantities for each mode -five amplitudes and five phases. From these, four amplitude ratios and four phase differences are formed. There are thus eight observables, which are compared with theoretical predictions. However, for a given , WSS is a minimum over the possible values of R and , i.e. two parameters have been estimated in the process of calculating WSS. This entails a loss of two degrees of freedom from the eight available. The mean value of a χ 2 (6) distribution is six, so that we expect that WSS ∼ 6. The values in Table 1 are in reasonable accord with this, particularly if all the sources of uncertainty (such as the error estimates in Table 3 ) are borne in mind. The small values of WSS for the lowamplitude modes may be a result of overestimation of the standard errors on the amplitudes and phases.
A F I NA L R E M A R K
Frequency aliasing is usually considered a huge stumbling block in attempts at mode identification in pulsating stars. However, it may be that other uncertainties are currently much more critical. Let us consider the effects on the pulsation constant Q in (1) of identifying an alias f of the true frequency f 0 : the error introduced is log Q = log f − log f 0 = log 1 + n f 0 , where n is a small integer, typically ±1 or ±2. It follows that log Q ≈ 0.43 n f 0 .
For |n| 2 and f 0 > 15, the error in log Q is at most 0.057, which amounts to an error of 14 per cent in Q. A very similar error is incurred if the estimate of log g is wrong by 0.1. Of course, the error in Q due to aliasing is halved for one cycle per day aliases, and further reduced for higher frequencies.
Aside from the pulsation constants, the frequencies only enter the mode identification problem through their determination of the solutions for amplitude ratios and phase differences. The latter quantities are surprisingly robust, and the changes when selecting alternative aliases were well within the standard errors in the cases studied by the authors.
Of perhaps greater concern is the influence of unidentified frequencies on the residual noise. These add to the (true) uncertainties in the various parameters, with negative consequences for the separation of modes in terms of amplitude ratios and phase differences. It is unfortunate that those stars which are asteroseismologically the more interesting (i.e. have many excited modes) will also require the most work -long uninterrupted observing runs -to attain low errors.
A last point regarding the reliability of photometric mode identification is the influence of uncertainties in the partial derivatives of fluxes and limb darkening coefficients. These depend on model atmosphere calculations, and may also be unreliable -see the discussion by Garrido (2000) .
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